Coherence times of dressed states of a superconducting qubit under extreme driving 
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In this work, we measure longitudinal dressed states of a superconducting qubit, the single Cooper- 
pair box, and an intense microwave field. The dressed states represent the hybridization of the 
qubit and photon degrees of freedom, and appear as avoided level crossings in the combined energy 
diagram. By embedding the circuit in an rf oscillator, we directly probe the dressed states. We 
measure their dressed gap as a function of photon number and microwave amplitude, finding good 
agreement with theory. In addition, we extract the relaxation and dephasing rates of these states. 



When matter and light interact at the quantum level, 
in the form of atoms and photons, it is often no longer 
possible to clearly distinguish the individual contribution 
of each to the overall behavior of the system. This mixing 
of the aspects of light and matter can then be described 
in terms of dressed states of the atoms and photons [T] . 
These dressed states have become an essential concept 
in many fields of physics. Recently, they have also been 
invoked to explain the behavior of electrical circuits op- 
erating in the quantum regime [21 E]. In this context, 
known as circuit quantum electrodynamics (QED), we 
directly measure a class of states, longitudinal dressed 
states (LDS), that have received little experimental at- 
tention in the past. We create these states by illumi- 
nating an artificial atom made from a nanofabricated su- 
perconducting circuit with microwave photons. We then 
observe the interaction of the dressed states and a radio- 
frequency (rf) oscillator. This measurement scheme al- 
lows us to directly map the dressed energy diagram and 
extract the relaxation and dephasing times of the states. 
LDS are the natural description of a strongly driven su- 
perconducting quantum bit (qubit), and may have appli- 
cations in the field of quantum information processing. 

Significant advances have been made in the develop- 
ment of engineered systems that exhibit coherent quan- 
tum properties. In the new field of circuit QED, these 
artificial atoms have recently been used to not only repro- 
duce results of atomic physics and quantum optics, but 
to explore regimes previously inaccessible to traditional 
experiments Here, we use circuit QED techniques to 
directly study LDS over a wide range of drive strengths, 
including the extreme driving regime where the driving 
field is much stronger than the polarizing field. In atomic 
systems, the field strengths required for this are techni- 
cally difficult to achieve and often exceed the ionization 
threshold of the atoms. The field geometry studied is also 
unusual. In a typical atomic experiment, a strong, static 
field is used to polarize the atomic spins under study. A 
relatively weak ac field, aligned perpendicular to the po- 
larizing field, is then used to drive the spins. This trans- 
verse field geometry in fact implies that the atomic and 
photon spins are aligned, leading to a variety of selection 
rules based on the conservation of angular momentum. In 
our experiment , the driving field is aligned parallel to the 



polarizing field, relaxing the selection rules, leading to a 
qualitatively different energy diagram. The flexibility of 
nanofabrication also makes it straightforward to simulta- 
neously couple multiple fields to our artificial atom. We 
exploit this fact to measure the LDS, directly coupling 
them to an rf oscillator. The inherent tunability of the 
dressed states allows us to explore both the resonant and 
dispersive coupling regimes. This enables us to map the 
dressed energy diagram and extract the relaxation and 
dephasing times of the states. 

The direct observation of these LDS is of fundamental 
interest, but also has potential applications in quantum 
information processing. For instance, several schemes 
have been proposed to implement tunable coupling of su- 
perconducting qubits through their dressed states [5j [6] . 
These dressed state schemes are attractive because they 
allow the qubits to remain biased at symmetry points, 
where they have their longest coherence times [7]. 

Earlier work with longitudinal driving has shown mul- 
tiphoton Rabi oscillations between the undressed states 
of Rydberg atoms [|8] and a superconducting circuit [9]. A 
number of recent experiments have also examined super- 
conducting circuits under extreme driving [101 111! 112] . 
These experiments were interpreted in terms of interfer- 
ence between multiple Landau-Zener transitions in the 
qubits. Ref. [11] could also be interpreted as multipho- 
ton Rabi oscillations, although only the time averaged 
population of the undressed states was measured. For 
the parameter values explored in [12] , the resonances due 
to different photon numbers overlap, making an interpre- 
tation in terms of dressed states less natural. 

Our artificial atom, the single Cooper-pair box (SCB), 
is composed of a superconducting Al island connected 
to a superconducting reservoir by a small area Josephson 
junction [T3]. The excited (ground) state of the SCB rep- 
resents the presence (absence) of a single extra Cooper- 
pair on the island. The dynamics of the SCB can be 
described by a formal analogy to a spin-1/2 particle |14j . 
The Hamiltonian of the SCB coupled to the driving mi- 
crowave field is H = — \Eck&z — \Ejo x + fioj^a + 
gcr z (a + a'), where <jj are the Pauli spin matrices and a\ 
a are the creation and annihilation operators for the mi- 
crowave field. The first two terms are the uncoupled SCB 
Hamiltonian, where Ech — Eq(1 — 2n g ) is the electro- 
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FIG. 1: RF response of the strongly driven SCB coupled to an oscillator. The oscillator is formed from an inductor, with stray 
capacitance, in series with the pad capacitance of the sample (see inset). It has a resonance frequency, f c = 647 MHz, and a 
quality factor Q ss 40. The color images represent the rf reflection coefficient of the coupled system, F, as a function of dc gate 
charge, n g , and microwave amplitude, A^. (Higher is in the foreground.) (a) is the magnitude response, |F| — 1, and (b) 
is the phase, = arg(r). The response is plotted as a plane in a cube along with traces that show the predicted value of the 
dressed gap A m (A M ), normalized to Ej, for different photon numbers up to m=4. The z- value at which the response plane 
is plotted corresponds to the normalized rf probe frequency hf c /Ej. The data are clearly explained by formally treating the 
dressed states as tunable two-level systems. In (a), we clearly see that there is resonant absorption of the rf probe (red spots) 
at each point that A m (j4 M ) = hf c . The phase shows the dispersive shift of the resonator frequency when the dressed states are 
off-resonant. There are a total of only 2 free parameters, Ej and 7 M , for all traces in both panels. The microwave frequency 
was 7 GHz and we extract Ej/h — 2.6 GHz. 



static energy difference between the ground and excited 
state of the qubit and Ej is the Josephson coupling en- 
ergy. Here Eq = (2e) 2 /2Cs is the Cooper-pair charging 
energy, Cs is the total capacitance of the island, and 
rig = C g Vg/2e is the dc gate charge used to tune the 
SCB. For this experiment, we in fact use a two junction 
SQUID to connect to the island, which allows us to tune 
Ej with a small perpendicular magnetic field. The third 
term represents the free driving field, and the last repre- 
sents the coupling, with strength g 7 between the SCB and 
the microwave amplitude, = r y fi A fl /2e. Here we define 
as the microwave amplitude at the generator and 7 M 
as the total effective microwave coupling. We define A^ 
such that the generator power in dBm is 201og(A u ). In 
the spin- 1/2 analogy, Ech represents the static polarizing 
field aligned along the z-axis and Ej is a static perturb- 
ing field along the x-axis. The driving field is aligned 
along the z-axis, giving a longitudinal geometry. 



With Ej = 0, charge states are not mixed and H can 
be diagonalized exactly [TJ [5] . The eigenstates form our 



dressed state basis 

|±; N) = exp[ T g(a t - a)/Rw„] |±) \N) (1) 

where |±) and \N) are the uncoupled eigenstates of a z 
and the field respectively. The corresponding eigenen- 
ergies are = NTiuj^ — g 2 /Tiuj^ =F \E C k- If we now 
allow Ej to be finite, charge states are mixed and H is 
no longer diagonal. In the limit N ~ (N) = (a^a) ^> 1, 
the matrix elements of the Josephson term, which are all 
off-diagonal, are 

(±;JV-m| (~Eja x ) | T ; N) = ~EjJ Tm (a) 

where J m (a) is the mth order Bessel function of the first 
kind and a = Ag^JJW)/hui^ = 2EQn fJi /?iLO ll is the di- 
mcnsionless microwave amplitude. The matrix represen- 
tation of this dressed Hamiltonian is exact (except that 
the off-diagonal elements deviate from Bessel functions 
for small (N) [15]) and is equivalent to the semiclassical 
Floquet Hamiltonian in the nonuniformly rotating frame 
of [TB] (also used by [H]). When the multiphoton reso- 
nance condition mhio^ « Ech is satisfied for some photon 
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number m, two of our dressed states are nearly degener- 
ate. The first order solution for these levels can then be 
found by solving the reduced 2x2 matrix spanning the 
degenerate subspace [T7]- The energy bands 



E± m = ±4 (E C h ~ mhuifj) 



E, 



J m (a) 



(2) 



describe an avoided level crossing with dressed gap 
A m (a) = EjJ m (a) (see Fig. [2^l) . To calculate the re- 
sponse of the dressed system, we average over different 
values of N assuming the driving field is in a coherent 
state characterized by (N). 

This energy diagram, shown in Fig. [2]a, is significantly 
different from what is found for transverse driving [TJ. If 
the transverse field is circularly polarized, only 1-photon 
transitions (m — 1) are allowed at all orders of perturba- 
tion theory. For a linearly polarized drive, multiphoton 
transitions are allowed at higher orders, but only for odd 
values of m. Even crossings remain degenerate. For the 
LDS, the perturbing <j x term allows transitions for all 
photon numbers at first order. 

We measure the dressed states by coupling the driven 
SCB to a rf oscillator. We probe the oscillator with a 
weak rf field and measure the magnitude and phase of 
the reflected signal. For the measurements, we simul- 
taneously apply the microwave field and rf probe, while 
slowly sweeping n g (197 Hz). The sample is mounted on 
the mixing chamber of our dilution refrigerator, with a 
base temperature below 20 mK. All measurement lines 
are heavily filtered and attenuated, with the last stage 
of filtering/attenuation on the mixing chamber. The mi- 
crowave power at the sample, after 60 dB of cold attenua- 
tion, ranges from nominally -80 dBm to -50 dBm. The rf 
power is nominally -132 dBm, corresponding to roughly 
n r f ~ 0.01 with an average of N osc ~ 6 rf photons in 
the oscillator. The rf signal is coupled through a cryo- 
genic circulator mounted on the dilution unit, and the 
reflected signal is amplified by a cryogenic amplifier at 4 
K. At room temperature, the signal is further amplified 
and fed into an Aeroflex 3030A vector rf digitizer. 

We find that we can fully explain the rf response by 
formally treating the dressed states as coherent, tunable 
two-level systems described by In Fig. [TJl, we clearly 
observe absorption of the rf probe when the dressed states 
are resonant. We can use this basic phenomenon to quan- 
titatively map the energy diagram of the dressed states, 
as is illustrated in Fig. [2] We see that the agreement 
between the data and the theory is quite good. 

We can also interpret the phase response, shown in 
Fig. [l]}, in terms of the dispersive coupling between the 
rf oscillator and our tunable two- level systems. In partic- 
ular, we see that when the 2nd lobe of each A m is above 
the probe frequency plane, there is a clear phase shift, 
similar to the quantum capacitance response visible in 
the 0-photon line at low A M PH EEH1 W\ ■ This indicates 
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FIG. 2: (Color Online) Dressed state energy diagram inferred 
from the magnitude response, (a) Energy diagram of the com- 
bined SCB-photon system. The thin black lines are the en- 
ergy bands for Ej — 0, showing the degeneracies of states 
differing by m = 0,1,2,... photons regularly spaced in gate 
charge. The thick red lines show the degeneracies lifted for 
finite Ej. The dressed gaps, A m are functions of the nor- 
malized microwave amplitude, a. (b) Position in n g . The 
assumed transition frequency, mtiu^, versus the splitting in 
rig of symmetric resonances. The data is taken from Fig. [fji 
and similar data for different lu^. We see that all the points 
fall on one line with a slope of Eq — 62 GHz. (c) The de- 
pendence of the normalized A m /Ej on a. We plot data for 
different values of Ej/h, ranging from 2.1-4.2 GHz. The data 
points are the positions of the resonances in a, plotted at the 
normalized probe frequencies, hf c /Ej. 



the dispersive shift of the oscillator's frequency caused by 
the dressed states. The phase shifts in the 1st lobes have 
more structure, even changing sign in some regions. We 
believe this can be explained by considering the various 
relaxation processes in the dressed SCB. For smaller val- 
ues of , relaxation of the undressed charge states dom- 
inates, which mixes the populations of the dressed states, 
even leading to population inversion 1 . For higher A^, 
the relaxation also becomes dressed, and the system stays 
in the ground dressed state. Finally, in [3], sharp, reso- 
nant phase features were observed for A TO < hf c . These 
are washed out by charge noise in our case because the 
size of the features, proportional to A m /EQ, is much 
smaller. 

In fact, we can quantitatively explain both the mag- 
nitude and phase response by solving the Bloch equa- 
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FIG. 3: (Color Online) Bloch response of the dressed states. 
The color scale is the same as Fig. [T] We model the rf re- 
sponse of the the driven SCB by solving the Bloch equations 
|21| for a tunable two-level system, the dressed state described 
by Q, driven by the rf probe. From left to right, we have 
the theoretical magnitude and phase responses and the cor- 
responding experimental data. In response to the rf drive 
voltage, V r f, we calculate the in-phase and quadrature com- 
ponent of the dressed state charge, Qi and Q q respectively. 
We then take C e ff = Qi/V r f and define an effective resis- 
tance R e ff = Vrf/Qq = V r f /2tt f c Q q . We then compute the 
rf reflection coefficient, F, including the impedance transfor- 
mation of the oscillator. The important fitting parameters 
are the relaxation rate, rf 9 , and the dephasing rate, rf 9 , at 
degeneracy. We note that it is not possible to extract unique 
values for rf 9 and rf 9 unless the magnitude and phase re- 
sponse are fit simultaneously. The bottom panel shows the 
extracted values of rf 9 as a function of the detuning between 
the dressed state and oscillator, for positive detuning, giving 
values of 1/rf 9 w 0.7-3.2 [is. The fit is explained in the text. 
We also extract a value of 1/rf 9 w 48 ns (see text). 



tions [2T] for the dressed state in the vicinity of a dressed 
degeneracy (see Fig. [3|. We assume that the coher- 
ence rates have the standard gate dependence [21] , 
Tx = rf 9 sin 2 9 and T v = rf » + T™* cos 2 9, where 
tan# = A m /(Ech — mTiu mu ). (The actual parameter 
that enters the Bloch equations is T 2 = Ti/2 + T v .) We 
loosely fit = 0.5 ns, consistent with previous mea- 

surements [22], and then let the other parameters vary. 
The fits also includes the effect of low-frequency fluctu- 
ations of n g , which we model as Gaussian broadening of 
the Bloch response. We extract a value of a n « 0.009 
Cooper-pairs, consistent with typical values of 1/f noise 
in a SCB [23]. Overall, we see that the theory accurately 



reproduces the rf response, demonstrating the physical 
nature of the dressed states as two-level systems. 

In the bottom pane of Fig. [3j we plot the extracted 
values of rf 9 as a function of the detuning between the 
dressed state and the oscillator, 5u>. We find 1/rf 9 » 
0.7-3.2 fis, with rf 9 increasing significantly for small 
detuning. This is expected since rf 9 is proportional to 
the spectral density of the environmental voltage noise, 
which the oscillator greatly enhances in its band. The 
fit represents the standard theory for rf 9 with an added 
constant background rate [25]. The magnitude of the rate 
agrees well with the theory, extracting a coupling con- 
stant C^/Ce ~ 0.02 which agrees with measured circuit 
parameters. We include in the fit the effects of inhomoge- 
nous broadening of the dressed state resonance, which 
can be caused by photon number fluctuations in the os- 
cillator [25]. To estimate this effect, we start with the 
frequency shift per photon gg SC /irSu) m 26 MHz, where 
g osc /2TT « 15 MHz is the qubit-oscillator coupling and 
we have used Stu = 2irf c /Q. Assuming poissonian fluc- 
tuations with \/N osc w 2.4, we get a frequency width of 
~ 64 MHz, which is consistent with the value of ~ 90 
MHz extracted from the fit. There can also be a sig- 
nificant contribution to the broadening due to charge 
noise. These values are also consistent with the value 
of 1/rf 9 w 48 ns extracted from the Bloch response. 
There are possibly large systematic errors in these val- 
ues, since the value of rf 9 depends sensitively on the rf 
probe amplitude, which is poorly determined. If a larger 
value of the amplitude is assumed, we extract a larger 
value for rf ff and a smaller value for rf 9 . Still, the 

dependence of rf 9 on detuning is robust. These values 
for rf 9 and rf 9 are similar to values measured for un- 
dressed qubits, especially when the expected scaling with 
A TO is considered. This is promising for the prospect of 
using dressed states as tunable qubits. 

In conclusion, we have created LDS of a nanofabricated 
artificial atom over a wide range of drive strengths. We 
have directly measured the physical properties of these 
states, finding an agreement with theory which is remark- 
able for a solid-state system. 
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